Most recent results on doping of Si and semiconductors by the implantation of rare-earth atoms are reviewed. It is shown that up to the concentration of about 10 18 cm' clustering and precipitation can be avoided. Post-implantation annealing leads not only to a decrease in radiation damage, but in some cases also to migration of rare-earth implants. The results of the rare earth lattice location by the Rutherford backscattering measurements are also reported.
Introductory remarks
Recently we witness a burst of interest in the doping of Si and III-V compound semiconductors with rare earths (RE). The attention to these exotic dopants was attracted by their potential utilization in constuction of novel light emitting devices (LEDs). Rare earth doped semiconduction are expected to combine the well-known sharp, temperature stable, ultra narrow, atomic-like emission originating from the electronic transitions within the 4f shell of RE impurities with the efficient electrical pumping of this emission by electrons and holes. The inherently long lifetime of the 4f emission limits a possible light output from these devices to small power in a microwatt range. However, if RE doping of Si would result in the constuction of non-degrading efficient LEDs, even with a moderate quantum efficiency at room temperature, then this could lead to a real intrachip (59) optical communication -a long awaited technological goal in the field of VLSI circuits [1, 2] .
Rare earths are very often used as the light emitting centres in wide energy gap ionic crystals and glasses. In fact, most powerful solid state lasers are made of an Nd doped glass. REs are also often utilised in other solid state lasers. In all these cases high dopant concentration is achieved during the crystal or glass growth by adding required amounts of appropriate RE compound to the melt from which a laser rod is pulled out.
In semiconductor devices, the active volume is much smaller and planar technologies dominate processing. Very low solubility of REs in covalent semiconduction narrows the range of available technologies of the growth of RE doped semiconduction to non-equilibrium techniques. Among them, two are feasible. One bases on metalloorganic chemical vapour deposition (MOCVD) -a standard technology for semiconductor growth. Initial problem of finding suitable RE compound which would crack in the MOCVD reactor seems to be finally resolved. This technology has been mastered particularly by the group of. K. Takahei [3] . Alternative technology, most suitable for Si doping with REs, is ion implantation, which will be the main topic of our review.
Additional problem related to RE doping of Si and III-V compounds is caused by extremely high chemical activity of the RE elements, particularly their notorious affinity to oxygen and other group-VI elements. This can be turned into advantage, however, in the purification of the materials grown from the melt (i.e. liquid phase epitaxy) in the presence of REs [4] . Also, the tendency of association of RE atoms with other chemical dopants and lattice defects may have a beneficial effect on the increase in the excitation efficiency of the intrashell luminescence of REs in semiconductors.
Also the mismatch between the fourfold coordinated zinc-blende stucture of semiconductors and the sixfold coordination of the RE atoms in stoichiometric compounds of lanthanides with P or As (cubic NaCl stucture) may be another restriction on incorporating the RE ions into the substitutional positions in III-V crystal lattices. Moreover, it was quite recently shown [5] that RE-GaAs systems are thermodynamically unstable. Evaporation of RE metals on the GaAs surface in high vacuum causes dissociation of the Ga-As bonds and subsequent formation of the RE arsenides. The melting points of RE arsenides are of the order of 25000C, therefore it can be expected that cubic complexes of the RE atoms with As, and P atoms, once formed, may be very resistant to decomposition during thermal treatment of the samples.
Ion implantation doping and Rutherford backscattering
Ion implantation is a convenient method of introducing dopants into semiconducting materials. The ion dose and ion energy, are well controlled, therefore the impurity and damage distributions in the materials are reliably calculated using standard computer codes, as e.g. TRIM [6] . Calculations using this code show that the projected range of the lanthanide atoms in semiconduction is less than 100 nm for typical implantation energies from 100 to 500 keV. A serious disadvantage of ion implantation is associated with extended damage produced by energetic heavy ions. In case of REs a dose of 10 13 cm-2 is sufficient to amorphize completely the surface layers of semiconductors at room temperature (RT). Since, as a ule, the recrystallization of the layers is never complete in III-V compounds [7] , ion implantation should be done at elevated temperatures.
As doping by implantation occurs near the surface, the simplest and most reliable method of determining the location of an atom (heavier than host crystal atoms) is by Rutherford backscattering (RBS) and channelling [8] . In the first approximation the ratio of the channelling/random backscattering yields gives an approximate interstitial fraction of the impurity atoms. A more detailed account of the RBS technique can be found e.g. in [6, 8] .
RE doping of silicon
Silicon is the basic semiconductor material used in contemporary microelectronics. It has, however one significant drawback. Due to its indirect gap, the probability of optical transitions is very low and this is the reason for Si not being suitable for making light emitting devices. Despite many attempts to relax the momentum conservation rule for band-band related transitions, e.g. by doping (like in the case of GaP:N), the results were not satisfactory. One of the most promising alternative paths is the light generation from the intraimpurity transitions excited by the injected charge carriers. Rare earths are among those impurities that could provide such an emission. It is, however, well known that the diffusivity and solubility of these impurities is extremely low [9, 10] . Moreover, REs have a tendency to form complexes with other defects in Si, particularly oxygen and other group-VI impurities. Also they readily form silicides, and thus at higher concentrations precipitation of a new phase is expected (as it was observed in heavy doped GaSb [11] ). In Er implanted Si the onset of Er precipitation is found to occur when [Er]> 1.3 x 10 18 cm-3 for annealing temperature of 9000C [12] . A similar result has recently been obtained on molecular beam epitaxy (MBE) grown Si doped with Er. Here transmission electron microscopy measurements revealed onset of precipitation at the same Er concentration [13] .
Most of attempts to dope Si with rare earths were done by ion implantation. Defects created by ion implantation in Si are known and well characterised, and what is even more important, the annealing procedures of the radiation damage are also well known. However, bonding of the rare earths to the host atoms may differ from the sp3-type bonding. Therefore, the validity of extrapolation of the well-known post implantation procedures cannot be taken for granted. This is well exemplifled by a recent controversy concerning the electrical activity of RE dopants introduced by implantation.
Rare earths should be acception if substitutional. This simple notion has been confirmed by the recent model calculations [14] . However, there are several reports claiming a donor type behaviour of RE implants [15, 16] . Although the concentration of these donors follows trends in an overall RE concentration determined by secondary-ion mass spectrometry, their absolute concentration is one to two orders of magnitude lower. It was therefore concluded that most of REs form electrically inactive complexes, while only a small portion form donors [16] . It is quite likely, however, that the donors detected in RE doped material are post-implantation defects that could not be annealed out in a standard annealing process [13] .
Doping of Si with Er results in a characteristic photoluminescence at 1.54 m due to the optical transition between the lowest multiplets of Er 3 + (see Fig. 1 ). Unfortunately, the efficiency of this luminescence is fairly low and strongly depends on temperature [17, 18] . Er intrashell luminescence can be excited by tuning the photoexcitation into the resonance with the 4f Er energy stucture, or more efficiently by electron-hole pair creation via band-band transitions. It is also possible to obtain electroluminescence in forward biased p-n junctions with the active junction region doped with REs [19] . It is obvious that an energy transfer either from photocreated or injected electron-hole pairs is responsible for generation of the Er emission. A detailed path of the transfer is not clear, however.
There is one very intricate aspect of RE emission in Si. It was found that Er emission is much more efficient in Czochralski (CZ) grown Si than in a fioat-zone material (FZ) [20] . In the former, concentration of oxygen is much larger than in the latter. Further experiments on coimplantation of. Si:Er with O and other light impurities proved a dramatic increase in the emission efficiency and a shift of the onset of thermal quenching to much higher temperature [21] . It is well known that codoping of RE in II-VI compounds is prerequisite for their optical activity [22] . Moreover, photoluminescence efficiency of the RE complexes in ionic hosts is usually the largest. It is thus quite tempting to conclude that the observed dramatic increase in the luminescence efficiency is due to the high probability of energy transfer in RE complexes with oxygen and other dopants. However, as pointed out above, the excitation of RE emission is a twostep process. The first step is a generation of electron-hole pairs that is followed by the energy transfer either to RE alone or to the RE complex. An overall efficiency must therefore depend critically on nonradiative processes shortening the lifetime of minority carriers. Our recent data on the temperature evolution of Er emission in MBE grown Si:Er implanted with oxygen and then annealed indicate that the presence of oxygen results in shunting the nonradiative paths for an annihilation of the photogenerated electrons and holes [17] .
Optically active Er in Si occurs in various symmetry environments as the fine structure of the emission spectrum depends on the doping level and coimplantation as well as annealing [17, 21] . The stucture of the spectum is, however, not sufficient to draw any detailed conclusion about the local symmetry of the Er emitting centres. Such analysis has only been done in case of InP:Er, where the Zeeman pattern indicates a cubic symmetry of the Er centre [23] .
Tentative symmetry analysis in case of Er doped Si was done by the RBS/channelling measurements [24] . As expected, it was found that most of Er atoms are in low-symmetry sites most likely interstitial. There is no guarantee, however, that the optically active centres are the same as seen in RBS, especially as the minimum impurity concentration for the RBS analysis is close to the precipitation limit.
It can be then concluded that doping of Si with Er is quite promising for light generation from Si, especially for application in optical communication. The efficiency is much too low, however, to speculate about high-power LEDs or lasers based on the light generation from REs in Si. Despite significant research efforts, this area is still in its infancy and it can be safely predicted that a recent wave of interest in Si doped with REs will continue for some time.
RE doping of III-V compound semiconductors

Ytterbium in III-V semiconductors
Yb in InP-based compounds
Among the RE ions investigated in III-V compounds only Yb in InP behaves in a regular way. In particular, its luminescence properties are independent of the growth and doping techniques [25, 26] . This suggests that the Yb atoms occupy only one type of lattice site in InP. An analysis of the Zeeman splittings of the Yb luminescence lines revealed local Td symmetry around the Yb ion, indicating its most probable substitutional location -)(bIn [23] . This conclusion has been confirmed by the RBS measurements [27] performed on InP samples implanted with the 150 keV Yb ions to a dose of 10 15 cm-2 at 2500C. The comparison of random and (100) axial RBS spectra shows that even in as implanted samples approximately 50% of the implanted atoms are located at substitutional positions (Fig. 2) . Further annealing did not increase the substitutional fraction of the Yb atoms. These results allowed one to estimate the solid solubility of ytterbium in InP for 8 x 10 19 cm-3 [27] .
High solubility of Yb in InP suggested that in InP-based compounds, as GaInP and InPAs mixed crystals, the Yb atoms should also occupy substitutional positions. This idea has been verifled on Yb-implanted GaInP epitaxial layers [27] . Random and (100) axial Yb profiles show that the substitutional fraction of Yb does not exceed 15%. The ytterbium solubility estimated on this basis is of the order of 3 x 10 19 cm-3 .
The substitutional location of the Yb atoms in InP-based mixed crystals appeared to be a favourable condition for studying local alloy disorder in GaInP [28] and InPAs [29] . The spatially confined 4f-electron wave functions of the Yb ions ensure that only the nearest environment of an ion is sampled by its 4f electrons. This offers us a unique possibility to study the local environment and bonding around the Yb ions in these compounds.
The Yb luminescence appeared to be sensitive for anionic as well as for cationic disorder in studied crystals. All the luminescence changes were ascribed to the formation of new Yb-related centres as: Yb-P 4-In 11 Ga in GaInP, [28] and Yb-P3 As in InPAs [29] , respectively. The positions of new lines and their splitting in GaInP crystal are independent of the crystal composition indicating that the strain field introduced by doping with Ga atoms is constant. This suggestion seems to be justified, because the nearest environment of the Yb atoms (Yb-P4) does not change in InP-GaP system, and, moreover, the bond lengths are only weakly affected by the composition of an alloy [30] .
The situation in InPAs crystals is different. The line splittings due to (111) axial strain seem also to be independent of composition, but the line positions shift slowly to lower energies, as the arsenic contents increases in the crystal. It seems that it reflects the increase in lattice constant of the alloy.
Yb in GaP' GaAs, and AlGaAs
Ytterbium atoms behave in a very similar way in all these materials. Independent of implantation temperature they always locate in the nonsubstitutional positions (see Fig. 3 ). RT implantation inadvertently leads to amorphization of semiconductors. Thermal annealing was highly ineffective in restoring good crys-tallinity of the layers and at least 20% of damage survived the highest annealing temperatures. As a result of annealing a significant amount of the implanted atoms diffused out of the layers, and agglomerated at the surface (Fig. 4) .
Interesting behaviour of the Yb atoms was observed after pulse laser annealing of Yb implanted GaAs (Fig. 5) [31] . The ruby laser power was chosen (0.25 nsec, 0.5 J/cm ) to melt all the implanted layer. The measured (100) axial Yb profiles show that after the annealing the Yb atoms segregated completely at the surface (approximately 70%), and at the maximum of the melting depth (the remaining 30%). This result clearly shows that doping of GaA8 with Yb during i.e. liquid phase epitaxy cannot be successful, as it was reported in [4] , because the Yb atoms always accumulate in the melt near the growth front.
Neodymium in GaP, GaAs, and AlGaAs
RBS measurements on GaP and GaAs implanted with a dose of 6 x 10 14 cm-2 of 150 keV Nd ions showed that the substitutional fraction of Nd is below sensitivity of the method. In case of AlGaAs the substitutional concentration is at the sensitivity limit of RBS and is of the order of 5 x 10 18 cm-3 . Surprisingly, post-implantation damage in AlGaAs has been removed almost completely by the annealing at 900°C [32] .
Interesting tentative results were obtained in luminescence experiments. The Nd luminescence in GaAs appeared to be independent of the disorder in the implanted layers. However, the Nd photoluminescence spectra in AlGaAs differ remarkably from those in GaAs, and their intensity is higher by a factor of four. This result suggests that AlGaAs:Nd could be more promising for possible optoelectronic applications.
..3. Erbium in GaAs
Erbium impurity in semiconducting materials has received considerable interest, because its intra-4f-shell luminescence occurring at a wavelength of 1.54 m, corresponds to the minimum absorption of silica-based fibres. The data concerning luminescence of Er in III-V compounds are widely scattered showing either remarkable dependence on the host material, growing conditions and thermal history of the sample [33] , or almost total independence of the crystalline matrix [34] .
The systematic studies of lattice location of the Er atoms implanted at 250°C into GaAs have been done recently [35] . The erbium profiles measured for random, (100) and (110 axial channelling are presented in Fig. 6 . The analysis of the profiles shows that the implanted Er atoms in as implanted samples are located near the middle of the (110) channel. As a result of rapid thermal annealing (RTA) they approach the substitutional positions monotonically with increasing annealing temperature. It can be also seen that after RTA at 10000C for 30 s, the Er atoms are virtually located in the (100) atomic rows,being only slightly displaced towards the (110) channel.
The reason for such a location of erbium atoms can be easily explained taking into account the relatively low mismatch (1.6%) between the lattice constants of GaAs and ErAs. Because of the different crystal stuctures of GaAs (zinc blende) and ErAs (cubic NaCl), this low mismatch exists only along the (100) direction. The Ga-As (0.24 nm) and Er-As (0.28 nm) bond lenghts differ markedly, therefore, the Er and Ga atoms are located along the (100) atomic rows,but in the locations enforced by the bond lengths.
Surprisingly, a weak luminescence of Er was observed only for annealing temperatures lower than 8000C [35] . Optical activity of Er disappeared entirely after the Er atoms had located in the lattice sites of GaAs. This effect may be associated either with the removal of defects activating photoluminescence of Er or with a change of bonding character between erbium or arsenic atoms, when the Er atoms tend to occupy tetrahedral lattice sites.
Much better quality samples of Er doped III-V semiconductors are grown by MOCVD [3, 36] or MBE [37, 38] . In a direct growth of doped layers all problems related to the post-implantation annealing are avoided. These techniques also allow for a growth of fairly highly doped samples without degradation of the crystal quality [36] . The onset of precipitation is similar to Si:Er and or MBE growth it is about 10 18 cm-3 [38] . There are two reports of RBS and channelling studies of MOCVD grown GaAs:Er [39] and MBE grown GaAs:Er and Ga 0 , 5 A l 0 , 5 A s : E r [40] . The conclusions of both reports are similar. Er in GaAs was found mostly at tetrahedral interstitial sites. For smaller Er doping substitutional positions are preferred. The emission efficiency of such samples is much lower, however. Therefore it may be concluded that only nonsubstitutional Er atoms participate in efficient light emission in GaAs. This conclusion is in agreement with that reached in our study of Er implanted GaAs [35] .
Summary
All results reported above indicate that , the doping of Si and III-V semiconductors with rare earths is feasible. The doped materials emit light related to the RE 4f-intra-shell transition. Very low solubility of RE8 necessitates the use of non-equilibrium doping techniques. For Si ion implantation seems to be a good choice, while for III-V semiconduction the MOCVD technology is superior to ion implantation.
The RBS and channelling measurements were done mostly on III-V semiconduction until now. The following general conclusions can be drawn from these studies.
(i) Recrystallization of the layers amorphized by room temperature implantation was retarded by the presence of RE atoms in the layers. As a result, the recrystallization was never complete with the used annealing procedures, and at least 20% of damage survived the highest-temperature annealing. The only exception of this ule is AlGaAs implanted with neodymium.
(ii) As the amorphous layers were regrowing from the crystalline substrate, most of RE atoms diffused out of the layers and accumulated at the surface. In the extreme conditions of melting of GaAs by pulse laser annealing, most of the Yb atoms were segregated at the surface. These results suggest that doping of III-V compounds with REs from the melt cannot be effective.
(iii) Implantation at elevated temperatures prevented amorphization of the layers. In this case migration of RE atoms was highly suppressed, since no redistribution of the impurity profiles was observed after annealing. It suggests that RE atoms migrate along extended defects as dislocations, grain and phase boundaries.
(iv) Solid solubility of REs in III-V compounds, taken as the substitutional concentration of atoms measured by RBS, is generally low in all the III-V:RE systems investigated. The only exception is Yb in InP and in InP-based ternary compounds.
(v) Optical properties of the RE atoms depend on their location in the lattice. Most clear situation has been noticed for Yb in InP and its ternary compounds with Ga [28] and As [29] . The Yb-related luminescence appeared to be very sensitive to local atomic arrangements around the impurity atoms. It offers us a unique opportunity to study local strain in semiconducting alloys.
Nonsubstitutional Yb atoms are optically inactive, as was shown for GaAs and AlGaAs. Very weak Yb luminescence in implanted GaP and GaAsP does not seem to be related to high concentration of interstitial Yb atoms.
Neodymium is another RE impurity whose luminescence is dependent on the crystalline matrix. Its exceptional behaviour in AlGaAs lattice in which almost perfect recrystallization of the implanted layer occurs, allows for speculations on possible advantages of thi8 system for future applications.
(vi) Erbium atoms locate substitutionally in GaAs after annealing at 1000°C, but at the same time they loose their optical activity. Photoluminescence of Er was observed only when the Er atoms were pushed from the lattice sites into the (110) channel. This unexpected feature suggests that some defects or other impurities may be necessary to activate the erbium atoms. This suggests that nonsubstitutional erbium would disturb seriously the quality of Er-doped GaAs layers grown by MBE (usually at 550-650°C).
